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INTRODUCTION 

A homogeneous p i e c e  of v i t r i n i t e  c o n t a i n i n g  n o  m i n e r a l  matter h a s  
t w o  o r g a n i c  p h a s e s .  One of  t h e s e  c o n s i s t s  of a c r o s s l i n k e d  
macromolecular network and t h e  o t h e r  i s  a s o l u b l e  f a m i l y  of 
macromolecules hav ing  a v e r y  broad  molecu la r  weight  d i s t r i b u t i o n .  
The network i s  h e l d  t o g e t h e r  by c o v a l e n t  bonds a s  w e l l  a s  by 
non-covalent i n t e r a c t i o n s .  There  i s  abundant  ev idence  f o r  a n  
i m p o r t a n t  role  of hydrogen bonds i n  t h e  macromolecular s t r u c t u r e  
and growing ev idence  f o r  an i m p o r t a n t  ro lp -6or  d ipo le -based  
i n t e r a c t i o n s  between t h e  aromatic g r o u p s .  These same 
non-convalent f o r c e s  a r e  i m p o r t a n t  i n  b i n d i n g  t h e  e x t r a c t a b l e  
phase  t o  the i n s o l u b l e  network.  T h i s  pape r  d e a l s  w i t h  t h e  way t h e  
macromolecules pack t o g e t h e r  i n  t h e  s o l i d  and e s p e c i a l l y  t h e  role  
t h a t  t h e  a romat ic -aromat ic  i n t e r a c t i o n s  p l a y  i n  t h e  pack ing  o f  t h e  
macromolecular segments .  

Evidence  f o r  t h e  E x i s t e n c e  of Non-covalent I n t e r a c t i o n s  and  t h e i r  
Geometry 

Hydrogen bonds i n  c o a l s  can  be obse rved  d i r e c t l y  i n  t h e  I R  s p e c t r a  
of  c o a l s .  The d i s r u p t i o n  of coa l - coa l  hydrogen bonds by20rgan ic  
b a s e s  h a s  a l s o  been d i r e c t l y  obse rved  s p e c t r o s c o p i c a l l y .  Coa l s  
swell  much more i n  s o l v e n t s  which a re  s t r o n g  hydrogen bond 
a c c e p t o r s  t h a n  t h e y  90 i n  v e r y  s i m i l a r  m a t e r i a l  w i thou t  hydrogen  
bonding c a p a b i l i t i e s  . There  c a n  b e  no doubt  b u t  t h a t  hydrogen 
bonds between d i f f e r e n t  p a r t s  of  t h e  coa l  network e x i s t  and can  b e  
broken by e x t e r n a l  r e a g e n t s  and presumably  can r e -a r r ange  w i t h i n  
t h e  c o a l  provided  the  c o n d i t i o n s  are  r i g h t .  There  i s  an enormous 
l i t e r a t u r e  on t h e  geometry of  hydrogen  bonding .  F o r  o u r  p u r p o s e s ,  
it i s  s i m p l e  enough t o  s t a t e  t h a t  the hydrogen w i l l  l i e  on a l i n e  
c o l l e c t i n g  t h e  two n u c l e i  which s e r v e  a s  t h e  t e rminus  f o r  t h e  
non-covalent i n t e r a c t i o n .  
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A t t r a c t i v e  i n t e r a c g i o n s  e x i s t  between a r o m a t i c  u n i t s  due t o  London 
d i s p e r s i o n  f o r c e s .  The re  have  been a number of  c a l c u l a t i o n s  on 
v a r i o u s  sys t ems ,  b u t  s i n c e  t h e y  a r e  v e r y  t i m e  consuming, t h e y  
emphasize s m a l l  m o l e c u l e s ,  p a r t i c u l a r l y  benzene-benzene 
i n t e r a c t i o n s .  I n  a d d i t i o n ,  t h e r e  a r e  e x p e r i m e n t a l  s t u d i e s  of g a s  
phase  complexes ,  
s t r u c t u r e s  of PNA sys t ems .  I n  s m a l l  r i n g s ,  t h e  most f a v o r a b l e  
i n t e r a c t i o n  o c c u r s  when t h e  r i n g s  a r e  a t  r i g h t  a n g l e s  t o  each  
o t h e r  i n  a T-shaped c o n f i g u r a t i o n .  Face- to- face  p a r a l l e l  s t a c k i n g  
i s  r e p u l s i v e  a t  a l l  d i s t a n c e s .  T h i s  i s  no t  s u r p r i s i n g  s i n c e  one 
i s  b r i n g i n g  two e l e c t r o n  c l o u d s  i n t o  i n c r e a s i n g l y  c l o s e  p r o x i m i t y .  
A s  t h e  r i n g  s i z e  grows l a r g e r .  t h e r e  i s  a t endency  t o  move o f f  of 
t h e  p e r p e n i i c u l a r  somewhat, b u t  t h e  p a r a l l e l  s t a c k  remains  
r e p u l s i v e .  I n  c r y s t a l  s t r u c t u r e s  where t h e r e  i s  t h e  n e c e s s i t y  
f o r  f i l l i n g  s p a c e ,  a " h e r r i n g b o n e "  p a t t e r n  i s  adopted  which 
p r e s e r v e s  b o t h  the  "T" i n t e r a c t i o n s  and p r o v i d e s  a pack ing  
geometry which i s  space  f i l l i n g .  

I n  an amorphous polymer ne twork  l i k e  c o a l s ,  we a n t i c i p a t e  a 
compromise between t h e  thermodynamic d r i v i n g  f o r c e  f o r  "T" 
c o n f i g u r a t i o n  i n t e r a c t i o n s  between a r o m a t i c s  and a pack ing  which 
e f f i c i e n t l y  f i l l s  space .  It i s  no t  e a s y  t o  p r e d i c t  what t h e  
outcome w i l l  be .  H i r s c h ' s  X-ray d a t a  are q u i t e  e x p l i c i t  i n  
i d e n t i f y i n g  some p a r a l l e l  s t a c k i n g  i n  c o a l s  bu t  i t  i s  i m p o s s i b l e  
t o  compare t h e  f r e q u e n c y  of  t h i s  geometsy w i t h  t h a t  of a 
p e r p e n d i c u l a r  o r i e n t a t i o n  of a r o m a t i c s .  

O r i e n t a t i o n  of Aromat ics  w i th  Respec t  t o  t h e  Eeddinp P l a n e  

It i s  o f t e n  assumed by c o a l  s c i e n t i s t s  t h a t  t h e  a r o m a t i c  sys tems 
i n  c o a l s  b o t h  have  a s t r o n g  t endency  towards  p a r a l l e l  a l ignmen t  
and t end  t o  a l i g n  p a r a l l e l  t o  t h e  bedding  p l a n e .  While t h e r e  i s  
c l e a r  X-ray e v i d e n c e  f o r  some t endency  towards  p a r a l l e l  s t a c k i n g ,  
t h e  ev idence  f o r  a l ignmen t  of a r o m a t i c  r i n g s  p a r a l l e l  t o  t h e  
bedding  p l a n e  i s  much more t enuous .  I n  H i r s c h ' s  c l a s s i c a l  p a p e r s ,  
he p r o v i d e s  e v i d e n c e  f o r  t h e  a l ignmen t  of a r o m a t i c  sys tems 
p a r a l i e 1  t o  t h e  bedd ing  p l a n e  i n  a n  a n t h r a c i t e  c o a l  bu t  s t a t e s  
t h a t  t h e  d e g r e e  of p r e f e r r e d  o r i e n t a t i o n  i s  s m a l l  i n  t h e  low rank  
cqa.ls an4 i n c r e a s e s  w i t h  r a n k ,  p a r t i c u l a r l y  i n  t h e  a n t h r a c i t e  
r e g  i o n  " . 
The o t h e r  f a c t o r  which comes i n t o  p l a y  i s  t h e  s t r i k i n g  a n i s o t r o p y  
i n  c o a l  mechan ica l  p r o p e r t i e s .  Coa l s  a r e  much s t r o n g e r  
p e r p e n g i c u l a r  t o  t h e  bedding  p l a n e  t h a n  p a r a l l e l  t o  t h e  bedding 
p l ane .  T h i s  i s  a s i g n i f i c a n t  f a c t o r  i n  mine d e s i g n  b u t  i t  h a s  
not  h e r e t o f o r e  been de te rmined  whether  t h e  mechanica l  a n i s o t r o p y  
was an i n h e r e n t  p r o p e r t y  of the m a t e r i a l  o r  was due t o  t h e  c l e a t s  
and cljacks which form whenever a p i e c e  of c o a l  i s  hacked from a 
seam. 

complexes,in b i o l o g i c a l  sys t ems  and a l s o  c r y s t a l  
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The a l ignmen t  of  a r o m a t i c  s t r u c t u r e s  i n  c o a l s  wi th  r e f e r e n c e  t o  
t h e  bedding  p l a n e  was i n v e s t i g a t e d  u s i n g  F o u r i e r  t r a n s f o r m  I R  
d i ch ro i sm wi th  p h o t o a c o u s t i c  d e t e c t i o n .  A s o l i d  d i s k  of c o a l  was 
c u t  and t h e  bedding  p l a n e  a c c u r a t e l y  de t e rmined .  T h i s  was p l a c e d  
i n  t h e  p h o t o a c o u s t i c  d e t e c t o r  of  an IBK FTIR and s p e c t r a  o b t a i n e d  
u s i n g  p l a n e  p o l a r i z g d  l i g h t  indexed  t o  t h e  bedding  p l a n e .  
were o b t a i n e d  a t  4 5  
t h a t  t h e  i n s t r u m e n t  was o p e r a t i n g  p r o p e r l y ,  a c r y s t a l  of 
ac ry lamide  was o r i e n t e d  i n  t h e  I R  i n s t r u m e n t  and t h e  d i c h r o i c  
s p e c t r a  o b t a i n e d .  From t h e s e  s p e c t r a ,  w e  cou ld  a c c u r a t e l y  
b a c k - c a l c u l a t e  t h e  known bond a n g l e s  i n  t h e  o r i e n t e d  s i n g l e  
c r y s t a l .  Eased on t h e s e  c a l c u l a t i o n s ,  w e  e s t i m a t e  t h a t  o u r  e r r o r  
i s  2 3O. Dich ro ic  s p e c t r a  of  Ill. No. 6 c o a l  and a c r y l a m i d e  a r e  
shown i n  F i g .  1. I n  none of t h e  c o a l s  was any a l ignmen t  of t h e  
o r g a n i c  s t r u c t u r e s  p a r a l l e l  t o  t h e  bedding  p l a n e  d e t e c t e d .  

We have a p p l i e d  1 3 C  NElR u s i n g  o r i e n t e d  samples  i n  a s i n g l e  c r y s t a l  
p robe  a s  w e l l  a s  o p t i c a l  b i r e f r i n g e n c e  t o  some of t h e s e  c o a l s .  
Both of  t h e s e  t e c h n i q u e s  i n d i c a t e  a n e t  o r i e n t a t i o n  of  t h e  
a r o m a t i c  r i n g s  of  abou t  1.5O, w i t h i n  t h e  expe r imen ta l  e r r o r  of t h e  
I R  measurements. Our c o n c l u s i o n  i s  t h a t  t h e  o r g a n i c  groups  i n  
c o a l s  a r e  e s s e n t i a l l y  randomly a r r a n g e d .  

To probe  t h e  mechanica l  a n i s o t r o p y ,  a ser ies  of c o a l  t h i n  s e c t i o n s  
were swol len  under a microscope  aqd t h e  s w e l l i n g  measured on 
photographs  of  t h e  t h i n  s e c t i o n s .  F e a t u r e s  on t h e  t h i n  s e c t i o n  
were i d e n t i f i e d ,  t h e s e  f e a t u r e s  be ing  connec ted  by l i n e s  which 
would run e i t h e r  p a r a l l e l  t o  o r  p e r p e n d i c u l a r  t o  t h e  bedding  
p l a n e .  The c o a l  i s  w e t  w i t h  a s o l v e n t  and as i t  expands it was 
photographed  and t h e  movement of  t h e s e  f e a t u r e s  measured on t h e  
pho tographs ,  d i r e c t l y  g i v i n g  l i n e a r  expans ions .  These d a t a  were 
o b t a i n e d  f o r  s i x  c o a l s  and a r e  shown i n  F i g .  2.  F o r  a l l  c o a l s  and 
s o l v e n t s ,  t h e  s w e l l i n g  i s  h i g h l y  a n i s o t r o p i c .  The c o a l s  expand 
much g r e a t e r  p e r p e n d i c u l a r  t o  t h e  bedding  p l a n e  phan t h e y  d o  
p a r a l l e l  t o  t h e  bedding  p l a n e .  The mechanica l  a n i s o t r o p y  of c o a l s  
must be  a d i r e c t  consequence  of  t h e i r  macromolecular s t r u c t u r e .  

We a r e  f aced  wi th  an a p p a r e n t  c o n t r a d i c t i o n  i n  t h a t  c o a l s  have  
randomly o r i e n t e d  groups  on a molecu la r  l e v e l  b u t  are mechan ica l ly  
a n i s o t r o p i c  on a l a r g e r  s c a l e .  There  are two p o s s i b i l i t i e s .  
There  may be a random c o i l  network w i t h  a non-random d i s t r i b u t i o n  
of  b ranch  p o i n t s ,  t h e  b ranch  p o i n t s  o c c u r r i n g  more f r e q u e n t l y  
p a r a l l e l  t o  t h e  bedding  p l a n e  t h a n  p e r p e n d i c u l a r  t o  i t .  Another 
p o s s i b i l i t y  i s  a c o a l  s t r u c t u r e  which f e a t u r e s  an a r r a y  of  s h e e t s  
d i v i d i n g  and t w i s t i n g  and e v e n t u a l l y  a c h i e v i n g  an  i n d i v i d u a l  group 
random o r i e n t a t i o n  w h i l e  m a i n t a i n i n g  a bu lk  s t r u c t u r e  a n i s o t r o p y  
under s t r e s s .  

S p e c t r a  
To v e r i f y  i n t e r v a l s  moving i n  a 360° c i r c l e .  
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Such s t r u c t u r e s  have  been proposed f o r  amorphous fBrbons  and 
r e c e n t l y  f o r  a low-rank c o a l  based  on X-ray d a t a .  

R e v e r s i b l e  A s s o c i a t i o n  of t h e  Coal i n  t h e  Macromolecule 

As i f  t h i s  was not  s u f f i c i e n t  s t r u c t u r a l  complex i ty ,  t h e  c o a l  i s  
n o t  a t  an  e q u i l i b r i u m  c o n f i g u r a t i o n  when removed from t h e  mine t o  
a tmosphe r i c  p r e s s u r e  and 3 s  c a p a b l e  of undergoing  a number of 
i n t e r n a l  re -ar rangements .  A p l o t  of l i n e a r  expans ion  d u r i n g  
s o l v e n t  s w e l l i n g  p a r a l l e l  t o  and p e r p e n d i c u l a r  t o  t h e  bedding  
p l a n e  €or s e v e r a l  c o a l s  v s .  t i m e  is shown i n  F i g .  3. Both of 
t h e s e  c o a l s  show e x c e s s  expans ion  bo th  p a r a l l e l  and p e r p e n d i c u l a r  
t o  t h e  bedding  p l a n e ,  t h a t  e x c e s s  o c c u r r i n g  a t  d i f f e r e n t  times. 
The e x i s t e n c e  o f  t h e  s w e l l i n g  e x c e s s  was f i r s t  no ted  by Peppas and 
a s c r i b e d  t o  a m e t a s t a b l e  s t a t y l c a u s e d  by t h e  slow motion of  t h e  
c o a l  macromolecular  segments.  We a g r e e  w i t h  h i s  i n t e r p r e t a t i o n .  

When t h e  s o l v e n t  i s  removed from t h e  c o a l ,  t h e  s o l i d  which r ema ins  
h a s  a somewhat d i f f e r e n t  shape  t h a n  t h e  s t a r t i n g  c o a l  d i d :  it i s  
h i g h e r  p e r p e n d i c u l a r  t o  t h e  bedding  p l a n e  and no t  q u i t e  a s  wide. 
Subsequent  s w e l l i n g s  of t h i s  m a t e r i a l  a r e  t o t a l l y  r e v e r s i b l e ,  
always r e t u r n i n g  t o  t h e  same shape  and s i z e .  Wet t ing  t h e  c o a l  
w i t h  t h e  s o l v e n t ,  a l l o w i n g  i t  t o  expand,  and t h e n  c o n t r a c t i n g  it 
by removing t h e  s o l v e n t  l e t s  t h e  c o a l  macromolecular segments f i n d  
t h e  e q u i l i b r i u m  p o s i t i o n s  t o  which t h e y  w i l l  r e t u r n  a g a i n  and 
a g a i n  a s  t h e  p r o c e s s  i s  r e p e a t e d .  The c o n f i g u r a t i o n  of  c o a l s  i n  
t h e  seam i s  no t  a t  e q u i l i b r i u m  a t  1 a t .  Coa l s  do  n o t  r e - a r r a n g e  
t o  t h e i r  e q u i l i b r i u m  form wi thou t  some t r e a t m e n t  because  t h e y  a r e  
g l a s s y .  I f  made r u b b e r y ,  t h e n  re -ar rangement  w i l l  o c c u r .  
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Wave Number Cm-’ 

Figure 1. Photoacoustic FTfR spectra Obtained with Polarized Light 
a) S i n g l e  Crystal Acrylamide; - Light Polarized Parallel to C 
Axis, ----- Polarized Paraiiei  t o  B A X ~ S  

bl 111. No. 6 Coal: - Light Polarized Paral le l  to Bedding Plane, --_-- Polarized Perpendicular t o  Bedding Plane 
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Figure 2. Linear Expansion of Coals in Chlorobenzene (A), THF (B), and 
Pyridine (C) Measured Parallel (crosshatched) to and Perpendicular to the 
Bedding Plane. Lig. = Big Brown (Texas); Sub-c = Smith Seam; Sub-b = 
Wandoan; Wc(1) = Correjon (Columbia) ; Wc(2) = Ill. No. 6; W a  = 
Pittsburgh No. 8 .  
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Figure 3 .  Time Dependence of Linear Expansion of coals Swollen in Pyridine 
Parallel to and Perpendicular to the Bedding Plane 


